Estimates of genetic diversity within, and of variation among, semi-isolated populations of the common toad (Bufi bufi) were derived and compared across four classes of nuclear genetic markers, including allozymes, microsatellites, and single and multilocus minisatellites. Estimates of multilocus heterozygosity and the number of alleles per locus derived from allozymes were lower than for each class of variable number of tandem repeat (VNTR) markers. The degree of inter-population genetic divergence as determined by genetic distance was generally concordant across all markers, although interpopulation variance in allozyme allele frequency (as measure by F-statistics) was greater than that documented for each VNTR locus. For both classes of VNTR loci, migration appeared to have less influence than mutation on the extent of interpopulation divergence. Analyses suggest that singly and multiply detected VNTR loci may be highly informative for population-level analyses addressing questions concerning population subdivision and breeding structure.
Introduction

Characterization
and quantification of genetic diversity has long been a major goal in evolutionary biology. At the level of populations, for many years protein allozyme electrophoresis has provided much of the existing data on levels of genetic variability within and among populations.
However, for various reasons (e.g., low levels of detectable polymorphism and sample-storage requirements), allozymes may not always be the most appropriate nuclear marker. Recent advances in molecular technology have greatly increased the number of genetic markers capable of resolving microevolutionary variation at the DNA level. In recent years there have been an increasing number of population studies that have utilized restriction-fragment-length polymorphisms (RFLPs) of nuclear DNA as empirical sources of data (e.g., single-copy nuclear DNA [ Wirgin and Maceda 199 1; Karl and Avise 19921 , coding genes such as kappa casein [ Cronin and Cockett 19931 [Baird et al. 1986; Balazs et al. 19891) . Despite the rapid development and widespread application of DNA-based analyses, little is known regarding levels of genetic variability within and among populations at the DNA level. Similarly, few empirical studies have compared the behavior of routinely used population measures of intra-and interpopulation variability across nuclear DNA markers for which the rate and mode of mutation may vary greatly.
One class of nuclear molecular markers that is receiving increasing attention is the highly polymorphic variable number of tandem repeat (VNTR) minisatellite and microsatellite loci (Tautz et al. 1986; Burke 1989; Tautz 1989; Burke et al. 199 1) . VNTR loci are tandemly repeated segments of DNA that can show extensive allelic differences in length, owing to variation in repeat copy number. An important application of single-and multilocus VNTR techniques has been to establish identity and relatedness among individuals within natural populations (Burke and Bruford 1987; Wetton et al. 1987) . Population studies using single-locus minisatellites and microsatellites have focused mainly on humans (Baird et al. 1986; Balazs et al. 1989; Flint et al. 1989; Deka et al. 199 1; Edwards et al. 1992) , although several recent studies of wild populations have been conducted (Gotelli et al., in press; Taylor et al., in press) . High rates of mutation (Jeffreys et al. 1988; Dallas 1992) and concomitant high levels of variation documented for specific minisatellite (e.g., see Hanotte et al. 199 1) and microsatellite (e.g., see Tautz 1989; Stallings et al. 199 1) loci suggest that these genetic markers may be extremely sensitive to changes in population breeding size, structure, and rates of dispersal. VNTR loci may thus provide a powerful tool in addressing ecological or evolutionary questions at the population level. Our general objectives were to use single-and multilocus minisatellites and microsatellites to characterize levels of genetic diversity within populations of the common toad (Bufo bufo) in Leicestershire (Great Britain) and to document the degree of spatial population structuring.
Results obtained from the VNTR loci are compared with allozyme data obtained from the same individuals.
Material and Methods
Forty adult toads were collected from each of three semi-isolated breeding ponds (defined as A-C) in the Leicestershire region of central Great Britain. Breeding ponds were separated by 5.5-14.5 km of arable or pasture lands, interspersed with urban developments, roads, small woods, and hedgerows. Individuals were captured during the breeding season, either at drift fences that surrounded each pond or from extensive searches of the aquatic habitat. All toads were returned to the lab and were killed using an overdose of anesthesia (MS222). Muscle and liver samples were frozen at -70°C for allozyme electrophoresis.
A small muscle sample was placed in 100% ethanol for DNA extraction.
Allozyme Electrophoresis
Liver and muscle samples were ground in homogenizing buffer (0.1 M Tris, 1 mM EDTA, 0.05 mM NAPD, pH 7.0). Samples were centrifuged, and the aqueous supernatant was decanted and stored at -70°C. Forty-three presumptive allozyme loci were scored for each individual.
Six loci were found to be polymorphic and were used in subsequent analyses. (Shaw and Prasad [ 19701 buffer V) . Enzyme electrophoresis was performed using 12% horizontal starch gels, and allelic variation was visualized using standard histochemical techniques (Shaw and Prasad 1970; Harris and Hopkinson 1976) . Alleles at each locus were designated on the basis of their relative anodal mobilities relative to the common ( 100) allele.
Cloning and Characterization of Minisatellites
Minisatellites are segments of DNA typically several kilobases in length that are composed of tandem repeats of short motifs, generally 15-100 bp in length (Jeffreys et al. 19853 ). Alleles at a specific locus may vary in length because of variation in the number of repeat units (Jeffreys et al. 199 1) . Multiple loci may be resolved simultaneously by using a probe containing multiple copies of a "core" sequence common to the repeat units at many different loci (multilocus fingerprinting; Jeffreys et al. 1985a ). Alternatively, probes containing a specific cloned minisatellite sequence and used at high stringency allow the characterization of the allelic composition at a specific locus ( single-locus fingerprinting).
Methods of cloning and characterization of minisatellites are described in detail elsewhere (Armour et al. 1990; Bruford et al. 1992 ).
DNA Extraction and Probing
For the population surveys, DNA was extracted from each of 40 individuals from each of the three populations. Extraction and probing protocols follow those of Bruford et al. ( 1992 (Sambrook et al. 1989; Bruford et al. 1992) , were air-dried, and were fixed using ultraviolet irradiation.
DNA inserts containing each of the Bufo bufo-specific single-and multilocus minisatellite sequences were recovered from low-melting-point agarose gels after the charomid vector was digested with Sau 3AI. Inserts were labeled with [ c+~*P]-~CTP by using standard oligo-labeling protocols ( Bruford et al. 1992 ). Prehybridizations were conducted using a 0.25 M sodium phosphate, pH 7.4, 1 mM EDTA, 7% sodium dodecyl sulfate solution containing 1% bovine serum albumin (Sigma type V) for 2-3 h. Labeled probe was added to the prehybridization solution directly, and hybridization was carried out overnight at 65°C. All filters were probed sequentially with three 32P-labeled single-locus probes (cBbuMS1, cBbuMS2, and cBbuMS3) and one multilocus probe (cBbuMS4) (T. Burke, J. Gardner, and K. T. Scribner, unpublished data), each in combination with a 32P-labeled 6.6-kb lambda / Hind111 fragment which hybridizes to the 15.0 kb lambda/XhoI internal marker band. Filters were washed using stringency conditions empirically determined for each probe. All filters were subsequently probed with 32P-labeled internal marker DNA after single-and multilocus hybridizations were completed, to facilitate fragment-size determinations within and across gels, based on alignment of the 15.0-kb marker bands on the test and marker autoradiographs.
Fragment (allele) size was determined empirically on the basis of mobilities relative to the reference internal lane standards.
Fragments were initially assigned to "fixed" bins of approximately 100 bp in size (tenths of the 1,018bp interval between internal marker ladder fragments).
Forty-six individuals from an extensive B. bufo population survey (N = 869 over 20 populations) were arbitrarily selected and run on additional gels with the above conditions, and a second size estimate was obtained for each of these individuals' minisatellite fragments. The bin size was subsequently adjusted for two of the specific loci (BbuMS2 and BbuMS3).
The mean difference between the first and second fragment-size estimations plus twice the standard error (SE) (means + SE = 65.lt-46.5 bp and 10.3513.9 bp for BbuMS2 and BbuMS3, respectively) were used as the final "fixed" bin widths. Multiple fragment-size estimates concentrated on fragment-size ranges of highest allelic diversity (i.e., 6,200-8,900 bp for BbuMS2 and 3,200-5,100 bp for BbuMS3; figs. 1 and 2). Both the wide distribution of fragment sizes for c Bbu MS 1 and the size similarities of several alleles relative to fragments of the internal lane standards precluded the need for further characterizations for this locus.
For the multilocus minisatellite probe, fragmentsize homology across individuals within and between populations were coded as presence or absence of specific fragments on each gel. Presence/absence data were subsequently used to calculate band-sharing coefficients (see below ) .
Cloning and Characterization of Microsatellites
Simple-sequence microsatellites are tandem repeats composed of very short ( l-5 bp) motifs that occur ubiquitously in all eukaryotic genomes (Tautz et al. 1986 ).
Comparative Measures of Nuclear Gene Diversity 739 tandem repeats, though the mutational mechanism that generates the allelic variation is thought to differ. General procedures for isolation and characterization of simplesequence microsatellites were as described by Rassmann et al. ( 199 1) . This methodology uses the polymerase chain reaction (PCR) to detect length variation, thus making the techniques particularly suitable for large population genetic surveys ( Bruford and Wayne 1993 ) .
In brief, B. bufo genomic DNA was isolated as outlined above and was completely digested using three restriction enzymes (AluI, RsaI, and HaeIII). The 250-500-bp-size fraction was isolated using an electroelution procedure (Bruford et al. 1992) and was ligated into a dephosphorylated M 13mpl8 vector ( 50 ng DNA to 200 ng vector). The ligation reaction was transformed into XL-1 bacteria (Stratagene), which were plated on agar containing X-gal. Filter replicates of each plate were made using Hybond-Nfp (Amersham) nylon membranes. Membranes were probed using 32P-labeled simple-sequence polymers (dinucleotide oligonucleotides (GA/CT),, and ( CA/GT), and trinucleotide oligonucleotides (GGA/CCT),, (AAG/TTC),, AAC/TTG),, and ( TGA / ACT ),, ; Pharmacia ) and the oligo-labeling procedures outlined above. Positive plaques were identified. Single-stranded DNA was obtained from Ml3 plaques by using polyethylene glycol precipitation, and the recombinant inserts were sequenced using standard protocols (Sambrook et al. 1989) . PCR primers were designed from sequences of positive clones that contained a minimum of 12 repeats of the core motif. Variation at each locus was resolved by running PCR products on 8% native polyacrylamide gels and staining with ethidium bromide.
Results from one primer pair are presented below. The region (266 bp) containing the microsatellite repeat Bbup 1 was amplified using primers 5' GCTACTTT-GAAAAGAACCTAGAAT and 5' CTCATCTTTT-GTTGCATTAC.
The GenBank accession number of the entire cloned sequence is U05292. The 20-l.tl PCR reaction mix consisted of primers at 0.62 PM each, dNTPs at 100 PM, 0.25 units Taq, 10 mM Tris-HCl, pH 8.3, 50 mM KCl, 0.01% gelatin, 0.025% Tween 20 ( BioRad ) , and 1.5 mM MgC12. * Allozyme allelic designations are based on mobilities relative to the common (100) allele. Single-locus minisatellite allele data are fragment sizes (in bp, based on median value from fixed bins). (Descriptions of criteria for determining bin widths are described in the Material and Methods. Allelic size homology was subsequently confirmed on test gels.) Microsatellite allelic designations are based on the number of repeat units of the core dinucleotide (CA). motif.
b Each of the three population samples comprised 40 adults. ' H = direct-count heterozygosity.
43 loci were found to be polymorphic. Average heterozygosities calculated on the basis of the six variable loci varied from 0.228 to 0.387 (table 1) and were consistently lower than was documented for the VNTR loci (table 2 ) . Each variable locus was characterized by one common ( 100) allele and one or two additional alleles present at lower frequency (table 1) . Almost all alleles were found in each of the three populations.
Fi, values (a measure of excess or deficiency of heterozygotes and, inferentially, of departures from random mating) were generally not significant (mean f SE = 0.060+0.048; x2 = 25.11, 25 df, P > 0.05; table 3).
Single-Locus Minisatellites
Each of the three single-locus minisatellites was highly polymorphic, with 8, 12, and 13 alleles, respectively, observed at each locus across the three populations surveyed (table 1) . For each locus, all populations shared several alleles present at moderate frequency. Many rare alleles were present in only one or two populations.
Es- timates of heterozygosity (range 0.604-0.722; table 1) were an order of magnitude greater than that documented for allozymes, on the basis of 43 loci, and were approximately twice the allozyme estimates, on the basis of the six polymorphic loci; this presumably was a function of differences in mutation rate and detectability of variant alleles. The mean Fis value was slightly higher than that for allozymes (mean + SE = 0.117+0.089; table 3 ) but was not significantly different from zero (x 2 = 12.80, 240 df, P > 0.05 ). Allele-size distributions varied greatly across loci ( fig. 2 ) .
Microsatellites
From a library size of approximately 1,600 colonies, 25 colonies ( 1.6%) were found to contain simple-sequence repeats (20 dinucleotides and 5 trinucleotides), on the basis of colony hybridization and subsequent sequencing. Variation observed at one (CA),, repeat locus (B/X+ 1) was high (table 1 ), with seven alleles documented. All populations contained the same common (B) allele and several additional alleles at moderate frequency. Two rare alleles were present in only one or two of the three populations.
Heterozygosities were similar to those observed for the single-locus minisatellites, ranging from 0.625 to 0.750 (table 1) . Genotypic frequencies did not deviate from Hardy-Weinberg expectations, and Fi, was not significantly different from zero (-0.070; x2 = 0.63, 45 df, P > 0.65; table 3).
Multilocus Minisatellites
Analyses using the cBbuMS4 multilocus probe identified 34-4 1 storable bands a3.5 kb in size, per gel ( fig. 3 ). Seven to 20 bands were resolved per individual. Measures of band sharing among individuals within and among populations (averaged across eight gels) were moderately high (S, = 0.553 and S,, = 0.535, respectively). Band-sharing values across all populations and gels ( fig. 4) (1) NOTE.-NOS. in parentheses represent rank ordering of the degree of interpopulation genetic distance. Concordance (P = 0.097, under the null hypothesis that each of six possible outcomes is equally likely) across markers was estimated based on the basis of multinomial probabilities (for methods, see text).
a Estimated as described by Lynch' ( 1990) .
class of VNTR loci were highly concordant (mean F,, = 0.0 16,O.O 14, and 0.032 for microsatellites, single-locus minisatellites, and multilocus minisatellites, respectively; table 3 ) . Estimates of FSt based on VNTR loci were considerably less than mean estimates based on allozymes (mean 0.090). These results differ markedly from other comparative studies of allozyme and nuclear RFLP variation in natural populations.
Karl and Avise ( 1992) found large regional variation in nuclear scnDNA allele frequency in American oysters ( Crassostrea virginica), where allozyme allele frequencies suggested panmixia. Karl and Avise suggested that the discrepancy between measure of population genetic structure was due to balancing selection on protein-coding loci; a plausible (although untested) scenario that may explain the large interlocus variance in allozyme F,, values that was observed in the present study. Zhang et al. ( 1993) also found that spatial differentiation among populations of wild barley (Hordeum vulgare) accounted for a far greater proportion of total nuclear RFLP diversity than was documented for allozymes. contribute significantly to increased interpopulation variation. However, if mutation rates are much less than migration rates, Fst for neutral alleles has been shown to be nearly independent of mutation rate (Crow and Aoki 1984) . This is usually expected to be the case for allozyme loci, where the mutation rate is low (e.g., in Drosophila melanogaster, u has been estimated to be approximately 5.1 X 10e6/gamete; Voelker et al. 1980) . Therefore, ignoring mutation and taking the mean Fst from the allozyme data in the present study leads to an estimated Nm of 2.56. The census sizes of these B. bufo populations were each in the range of 1 ,OOO-5,000 (R. Oldham, personal communication ) , so the effective sizes seem likely to be of the order of 10 *-10 3 and certainly < 10 4, giving an estimated m of B2.5 X lop4 to 2.6 X lo-*.
Relatively low interpopulation variation at VNTR loci could be an artifact of the binning strategy used, if, for each locus, several fragments of similar size were grouped together. The use of internal lane markers and the large interallelic size variation ( fig. 2) relative to bin widths (see above) suggest that binning was not a confounding factor.
Interlocus heterogeneity in FS, estimates could also be a function of differences in mutation rate. At equilibrium, the fixation index E;,, = 1 /( 4Nm+ 1 ), where N is the effective population size and m is the migration rate. As discussed by Wright ( 1969) , migration may be supplemented by reversible mutation, by replacing m by (m+u). If mutation rates were high relative to the rate of gene flow among populations, then, for neutral and highly mutable loci (minisatellite DNA is untranscribed and apparently nonfunctional at the phenotypic level: Jarman and Wells 1989 ), novel mutations might In the case of the single-locus VNTR loci, where mutation is expected to be much more frequent, we can attempt to estimate the relative influence of u and m by substitution of the allozyme-derived estimate of Nm into Fs, = 1/(4(Nm+Nu)+l),
giving Nu/Nm = 5.0 for the microsatellite locus Bbup 1 and 7.0, 15.2, and 3.2 (mean 6.1) for BbuMS 1, BbuMS2 and BbuMS 3, respectively. This suggests that, in the case of these loci, mutation may be a more powerful influence on interpopulation divergence than is migration. Further, taking the m estimates from the allozyme data and a maximal N of 10 4, we can estimate upper limits for u for Bbupl and the minisatellite locus showing the highest F,, (BbuMS2) to be ~4.3 X 10 -3 and 1.49 X 10 -*, respectively. Taking the more likely values of N, 10 *-10 3, leads to estimated mutation rates for these VNTR loci as being of the order of lo-4-lo+/ gamete. The latter values are comparable with the reported mutation rates for these kinds of loci, referenced above.
Analyses of 103 offspring from three mating B. bufo pairs allowed some preliminary direct assessment of mutation rate. No new length variants were observed in , ,
any progeny, for each of the single-locus minisatellite loci, suggesting that the mutation rates are c5 X 10e3/ Utility of VNTR Loci for Population Genetic gamete. Analyses An additional factor affecting the magnitude of F,, estimates lies in the number of populations sampled. The high degree of variation at minisatellite and Estimates of mean between-population variance and microsatellite loci has been a key factor in incorporating observed interlocus heterogeneity may be biased, as F,, these markers into studies addressing questions of idenestimates were based on comparisons of only three poptity (e.g., forensics applications; Budowle et al. 199 1) ulations. This small number of populations will also bias and relatedness (Burke et al. 199 1 (Shriver et al. 1993) . Despite these microevolutionary events. complexities, the high degree of concordance of results of the present study-among (a) nuclear markers for which discrete character states may be discriminated (allozymes and microsatellites), ( b) nuclear markers for which fragments were "binned" into allelic classes (single-locus minisatellites), and (c) nuclear markers for which loci could not be unequivocally identified (multilocus fingerprinting)
-indicates that VNTR markers should be extremely useful in addressing microevolutionary population phenomena.
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